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Summary  Flow  of  ﬂuid  through  a  porous  media  is  a  very  important  phenomenon  that  occurs
largely in  many  physical  situations  such  as  ﬂow  in  an  aquifer,  ﬂow  through  ﬁlters  for  water
puriﬁcation  in  sewage  treatment  plant,  ﬂow  in  packed  bed  chemical  reactor,  etc.  Permeability
is a  characteristic  parameter  for  a  porous  media  and  it  tells  about  the  ease  with  which  water
ﬂows through  the  interconnected  voids.  Since  it  directly  inﬂuences  the  rate  of  ﬂow  of  water
in a  soil,  it  has  a  decisive  effect  on  problems  involving  excavations  of  open  cuts  in  sand  below
water table,  seepage  through  embankment  dams,  sub-grade  drainage,  rate  of  consolidation
of compressible  soil,  etc.  In  a  soil  proﬁle,  each  layer  may  have  its  own  properties  which  may
or may  not  be  same  as  compared  to  the  layer  below  or  above  it.  The  relative  position  and
the thickness  of  a  soil  layer  of  a  stratiﬁed  soil  system  are  some  of  the  important  parameters
which affect  the  permeability  of  the  composite  soil  layer.  In  the  present  study  the  experiments
have, therefore,  been  conducted  to  investigate  the  inﬂuence  of  position  and  thickness  of  the
individual  layer  on  the  permeability  of  the  composite  soil.  It  has  been  found  that  thickness  of
end layer  has  signiﬁcant  effect  on  the  permeability  of  stratiﬁed  soils.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
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IntroductionPermeability  of  soil  is  one  of  the  most  important  soil
property  which  allows  the  water  to  pass  through  the
 This article belongs to the special issue on Engineering and Mate-
rial Sciences.
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nterconnecting  voids.  Soil,  a  naturally  occurring  material
resent  on  the  surface  of  the  earth  is  of  utmost  impor-
ance  in  various  civil  engineering  works  such  as  construction
f  multi-story  buildings,  bridges,  highways,  canals,  etc.  In
ature,  soil  is  present  in  the  form  of  layers  and  each  layer
aving  its  own  set  of  properties  which  makes  it  different
rom  the  layers  above  or  below  it.  In  the  present  study,  the
ffect  of  thickness  and  position  of  the  individual  soil  layer
n  the  permeability  of  the  two  layered  stratiﬁed  soil  has
een  investigated.  The  permeability  of  soil  when  soil  proﬁle
icle under the CC BY-NC-ND license (http://creativecommons.org/
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onsist  of  only  single  type  of  soil  is  different  from  those  when
t  is  composed  of  different  soil  layers.  Each  soil  layer  has  its
alue  of  permeability  (k)  depending  upon  the  direction  of
ow  of  water.  As  per  Darcy’s  law  the  coefﬁcient  of  perme-
bility  for  stratiﬁed  soil  for  ﬂow  normal  to  bedding  plane  is
iven  by  Eq.  (1).
th =
∑n
i=1zi∑n
i=1
zi
ki
(1)
here  kth =  theoretical  permeability  of  stratiﬁed  soil;
i =  thickness  of  ith  layer;  ki =  permeability  of  ith  layer.
Sridharan  and  Prakash  (2002)  investigated  the  equiva-
ent  permeability  of  double  layer  soil  of  equal  thickness
nd  concluded  that  the  end  layer  permeability  governs  the
ombined  permeability  of  stratiﬁed  soil  in  case  of  ﬂow  nor-
al  to  bedding  plane.  Alam  et  al.  (2015)  also  carried  out
xperimental  study  on  double  layer  soil  samples  of  different
aterials  of  wider  range.  The  results  of  the  study  support
he  ﬁndings  of  Sridharan  and  Prakash  (2002).  In  the  present
tudy  the  effect  of  thickness  as  well  as  the  position  of  per-
eable  soil  layer  on  the  measured  permeability  of  two  layer
tratiﬁed  soil  has  been  investigated  experimentally.
xperimental procedure
n  the  present  experimental  study,  sand  and  clay  layers  were
sed  to  form  a  stratiﬁed  soil.  Sand  used  was  Ganga  sand
nd  clay  was  collected  from  a  nearby  ﬁeld  in  the  University
ampus.  These  two  materials  were  chosen,  as  two  extremes
n  terms  of  permeability.  Proper  sieving  of  sediments  was
one  in  order  to  remove  unnecessary  large  sediments  or
ubbish.  After  sieving,  all  the  samples  were  kept  in  oven
o  remove  moisture  at  105 ◦C  temperature  for  24  h  (IS  2720-
art-I,  1983).  Particle  size  distribution  analysis  was  also  done
or  each  sample  (IS  2720-Part-IV,  1985).
Speciﬁc  gravity  of  sediments  was  determined  by  using  the
ensity  bottle  for  clay  and  pycnometer  was  used  for  sand  (IS
720-Part-III,  1980).  Speciﬁc  gravity  for  sand  and  clay  were
ound  to  be  2.66  and  2.65  respectively.
To  determine  the  measured  value  of  permeability,  falling
ead  test  for  clay  and  constant  head  permeability  test  for
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Table  1  Measured  permeability  and  theoretical  permeability  of  c
S.  Sample  km ×  10−4 (cm/s)  kth ×  10−4 (cm/s)  S.
1  Clay  (20%)  (top)
2.77 2.91
5
Sand (80%)
(bottom)
2 Clay  (40%)  (top)
1.80  1.52
6
Sand (60%)
(bottom)
3 Clay  (60%)  (top)
1.41 1.03
7
Sand (40%)
(bottom)
4 Clay  (80%)  (top)
1.32  0.78
8
Sand (20%)
(bottom)P.  Gupta  et  al.
and  was  used  (Ranjan  and  Rao,  2011).  By  knowing  the  vol-
me  of  permeameter  and  speciﬁc  gravity  of  the  materials
nd  their  thickness,  the  required  material  corresponding  to
0%  porosity  was  determined.  Samples  were  prepared  by
arying  the  thickness  of  each  sample  and  was  ﬁlled  in  three
ayers  after  giving  due  compaction.  The  test  sample  was
ompletely  saturated  before  taking  any  observations  and
hen  observations  were  taken  for  a known  fall  in  water  sur-
ace  in  the  stand  pipe  of  permeameter.  A  stop  watch  was
sed  for  recording  the  time  taken  for  the  fall  of  water  level.
oom  temperature  was  also  recorded  during  the  experimen-
al  work.
Several  combinations  made  for  double  layered  soil  sam-
les  by  varying  the  thickness  of  individual  layers.  The
ariation  of  thickness  of  component  soil  sample  ranges  from
0%  to  80%.
All  the  samples  undergo  falling  head  permeameter  test
nd  permeability  was  calculated  by  Eq.  (2).  To  convert  each
oefﬁcient  of  permeability  (k)  value  taken  at  room  temper-
ture  was  converted  to  27 ◦C,  by  using  Eq.  (3).
 =  2.3aL
At
log10
h1
h2
(2)
k27
kT
= T
27
(3)
here  k =  coefﬁcient  of  permeability  (cm/s);  A =  cross-
ectional  area  of  sample  (cm2);  a  =  area  of  stand  pipe  (cm2);
1 =  initial  head  (cm);  t  =  time  (s);  h2 =  ﬁnal  head  (cm);
27 =  permeability  at  27 ◦C;  27 =  dynamic  viscosity  of  water
t  27 ◦C  temperature  (N-s/m2);  T =  dynamic  viscosity  of
ater  at  test  temperature;  kT =  permeability  at  test  tem-
erature.
esult and discussion
he  permeability  of  sand  and  clay  used  in  the  present
tudy  were  measured  (km) to  be  3.43  ×  10−3 cm/s  and
.25  ×  10−5 cm/s  respectively.  The  permeability  of  the  com-
osited  layer  were  measured  for  the  various  set  of  different
ombinations  of  the  soil  layers.  The  theoretical  values  of
he  permeability  of  the  corresponding  sets  of  soil  layers
lay—sand  system.
 Sample  km ×  10−4 (cm/s)  kth ×  10−4 (cm/s)
 Sand  (20%)  (top)
0.95 0.78Clay  (80%)
(bottom)
 Sand  (40%)  (top)
1.35  1.03Clay  (60%)
(bottom)
 Sand  (60%)  (top)
1.43  1.52Clay  (40%)
(bottom)
 Sand  (80%)  (top)
1.68  2.91Clay  (20%)
(bottom)
Inﬂuence  of  thickness  and  position  of  the  individual  layer  
Figure  1  Variation  of  measured  permeability  of  two  layer  soil
system  with  thickness  of  top  layer.
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Ranjan, G., Rao, A.S.R., 2011. Basic and Applied Soil Mechanics.Figure  2  A  comparison  of  measured  and  theoretical  values  of
permeability  for  two  layers  soil  system.
were  estimated  using  Eq.  (1).  The  results  of  measured  and
theoretical  values  have  been  summarised  in  Table  1. This
table  shows  that  the  measured  values  of  the  permeability
are  more  than  its  theoretical  values  in  most  of  the  cases.  It
may  be  attributed  to  the  difference  in  the  individual  per-
meability  of  clay  and  sand.  Further  it  may  be  observed  that
the  measured  permeability  of  the  composite  layer  depends
on  the  nature  of  the  exit  layer.  The  equivalent  permeability
of  composite  layer  (top  80%  sand  and  bottom  20%  clay)  with
clay  layer  at  exit  is  lower  than  that  of  the  composite  layer
(top  80%  clay  and  bottom  20%  sand)  with  sand  at  the  exit.
The  inﬂuence  of  thickness  of  top  layer  on  the  permeabil-
ity  of  two  layer  soil  systems  has  been  shown  in  Fig.  1. This
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gure  shows  that  when  clay  is  at  top  and  sand  is  at  bottom,
he  measured  permeability  is  decreasing  with  the  increase  in
he  thickness  of  top  layer.  The  reason  behind  this  decreasing
rend  is  the  resistance  offered  by  the  clayey  soil  against  ﬂow
hrough  its  interconnecting  voids  as  it  decreases  the  amount
f  water  passing  through  it.  On  the  other  hand  when  sand
s  at  top  and  clay  is  at  bottom,  the  measured  permeabil-
ty  is  increasing  as  the  thickness  of  top  layer  increases.  It
s  because  of  increased  head  provided  by  sand  over  clay,  as
he  permeability  of  sand  is  much  more  then  clay.
A  comparison  of  measured  and  theoretical  values  of  per-
eability  of  two  layer  soil  system  has  been  shown  in  Fig.  2.
his  ﬁgure  indicates  that  the  values  of  the  measured  perme-
bility  are  more  than  that  of  the  theoretical  permeability  in
ost  of  the  cases.  It  may  be  attributed  to  the  large  differ-
nce  in  the  individual  permeability  of  clay  and  sand  and  the
ariation  in  their  thickness.
onclusion
he  broad  conclusions  drawn  from  the  present  experimental
nvestigation  are  the  following:
(i)  The  measured  permeability  is  more  than  the  theoretical
permeability  in  most  of  the  cases.
(ii)  The  measured  permeability  of  the  composite  layer
depends  on  the  nature  of  the  exit  layer.
iii)  When  clay  is  at  top  and  sand  is  at  bottom,  the  mea-
sured  permeability  decreases  with  the  increase  in  the
thickness  of  top  layer  whereas  when  sand  is  at  top  and
clay  is  at  bottom,  the  measured  permeability  increases
with  the  increase  in  the  top  layer  thickness.
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